The accurate calculation of laser energy absorption during femto-or picosecond laser pulse experiments is very important for the description of the formation of periodic surface structures. On a rough material surface, a crack or a step edge, ultrashort laser pulses can excite surface plasmon polaritons (SPP), i.e. surface plasmons coupled to a laser-electromagnetic wave. The interference of such plasmon wave and the incoming pulse leads to a periodic modulation of the deposited laser energy on the surface of the sample. In the present work, within the frames of a Two Temperature Model we propose the analytical form of the source term, which takes into account SPP excited at a step edge of a dielectric-metal interface upon irradiation of an ultrashort laser pulse at normal incidence. The influence of the laser pulse parameters on energy absorption is quantified for the example of gold. This result can be used for nanophotonic applications and for the theoretical investigation of the evolution of electronic and lattice temperatures and, therefore, of the formation of surfaces with predestined properties under controlled conditions.
Introduction
The mechanisms of laser-matter interaction in condensed matter are of great importance for many applications [1] [2] [3] [4] [5] including development of promising ultrafast nanophotonic devices [6] [7] [8] [9] [10] [11] . Laserinduced surface phenomena could be produced by pre-structured beams [12] or excitation of surface plasmon polariton (SPP) waves [13, 14] , i.e. surface plasmons coupled to an incident laser pulse. To excite SPP waves, special conditions are needed, for example, prism or grating coupling [13] , surface roughness [14] or a step edge of a sample [15, 16] . The interference of the SPP and laser electromagnetic fields results in a periodic profile of a deposited laser energy along a surface of a solid. One of the possible scenarios for the description of laser-induced periodic surface structures (LIPSS) is based on the SPP excitation and their interference with the incident beam [17] [18] [19] . LIPSS patterns could appear on the surface after either single [20 -22] or multiple [19, 23] laser shots. It was shown in a number of papers, that these structures can be produced on different types of materials, metals, semiconductors, dielectrics [19 -25] , and for variety of incident angles [26] .
In Ref. [22] for gold and in Ref. [27] for titanium and silicon the authors investigated the evolution of electron and lattice temperatures using the two-temperature model (TTM) [28] , where the laser energy absorption was implemented by an arbitrary periodic function, which was assumed to arise from the interference of the SPP and incident light. The laser energy source for Au and SiO2 was described in the Ref. [29] taking into account the changing of the optical properties of the irradiated sample during the pulse duration, but the periodicity along the direction parallel to the surface was also introduced as an arbitrary cosine-type perturbation.
In this paper, we investigate the energy absorption upon irradiation of solid targets by ultrashort laser pulses. An analytical function for the source term in the frames of TTM approach is derived by explicit calculation of the interference of the SPP fields and the laser fields. This source term could further be used for the investigation of laser matter interaction and the formation of surface structures [12, 30] . One can also apply our source function for studying the properties of the excited SPP in the framework of scanning near-field optical microscopy (SNOM) or of two-photon photoemission electron microscopy (2P-PEEM).
Theory
It is well known that SPP excitation is not possible on a smooth surface, since SPP and light dispersion relations do not intersect [13, 14] . However, SPP can be excited, for example, in the presence of roughness, grating structures or at a step edge [13, 14] even with a single pulse [20 -22] .
We present results for the excitation of the SPP at a step edge of a metal sample and a dielectric media. It has been shown in Ref. [15] that the SPP are excited at the position of the step edge even if we shine to the entire surface. For our calculations the laser pulse is chosen to be normal to the surface.
The considered irradiation geometry is presented in Fig. 1 . The origin of the coordinate system is at the step edge. 
where a 0 E is the amplitude of the absorbed electric field,
is the amplitude of the absorbed magnetic field and m n  is the complex refractive index of a metal defined as
In order to determine electromagnetic field produced by the SPP, we are using the following expressions   
where 1 A is the amplitude of the magnetic field of the SPP in the dielectric media, 
is the group velocity of the SPP. 
where 2 A is the amplitude of the magnetic field of the SPP in the metal, , z m k is the wave vector of the SPP in the metal in the direction perpendicular to the interface between two media,
Thus, we have in the dielectric media incident and reflected laser fields and SPP fields, whereas in the metal we have absorbed laser fields and corresponding SPP fields. In accordance with the boundary conditions of Maxwell's equations at the interface between two media, we find respective amplitudes and relation between ,
, ,
We associate the amplitude of the SPP magnetic field 1 A with the amplitude of the incident magnetic field of a laser 1 0
where  is the coupling efficiency and  is the phase difference between the incident beam and the excited SPP, which we are leaving the only free parameters.
Combining Eq. (21) with Eqs. (16)- (17) we define a dispersion relation for the SPP as [13] 
We assume that the dielectric functions do not depend on space and time. In this case, we can express the absorption of the laser energy as
where total S is the Poynting vector giving the laser depositing energy per unit time and per unit area.
We will call   total , Q t r the source term entering TTM from the perspective of the electronic subsystem of the metal. We use SPP fields (13)- (15) and laser fields (6)- (7) to calculate the Poynting
where a a total las SPP
Averaging the Poynting vector over one full period of the laser pulse 2 /   , we obtain an expression for the source term
where the first term
arise from the laser-laser interference, where inc F is the incident laser fluence. In case of 0   (no SPP) it gives automatically the common expression for the source term [5, 12]      
where the absorption coefficient abs  was defined as 
The second term describes laser-SPP interference:
where values 1 7 f f  are given in the Appendix A.
The periodicity along the lateral distance x in total Q comes from this term. The SPP wavelength is defined from Eqs. (32) as (see also the Eq. (A3) in the Appendix A)
The third term, which describes propagating SPP, is a result of the SPP-SPP interference:
Finally, we should mention, that our analytical source term can be applied for different materials irradiated by ultrashort laser pulses with arbitrary beam parameters.
Results and discussion
To demonstrate the ability of our source term to describe real experimental situations, we have studied the irradiation of a gold sample in surrounding air. For the dielectric function of gold, the experimental data were taken from the Ref. [7] (therein the case of the evaporated gold sample) while for air we set Ref. [7] were used. (30) and Eq. (33)).
The dependence of the propagation length SPP x L on the laser wavelength  is presented in Fig. 3 . Table 1 .
Laser wavelength (nm) 4 shows the source term total Q at the surface and at the maximum intensity of the laser pulse according to the Eq. (27) including the influence of the SPP normalized to the source term of the laser only, i.e. total las-las / Q Q , in dependence on the lateral distance from the step edge of x=0. We set the coupling efficiency to 0.8   and the phase shift to 0   for the best representation of the typical observations. The dependence of the source term ratio on the lateral distance from the step edge at different coupling efficiencies  and the phases  is given in the Appendix B. We can see from the Fig. 4 the modulation of the absorbed energy with the periods SPP  given in Table 1 . We can also observe the enhancement of the source term, because it takes into account excited SPP and as a result we have two more terms in the Eq. (27) . In contrast to the SPP excitation with the 800 nm laser wavelength, the SPP excited at 400 nm decay quickly and do not propagate along the sample surface. It means that the formation of periodic surface structures could be possible with smaller periodicity if we decrease the laser wavelength, but the area of the sample, where these structures could be created, is limited by the decay length of the SPP.
In order to reveal further features of the absorbed energy distribution, Fig The dependence of the source term on  was investigated since it can be used for arbitrary laser pulse durations. Fig. 7 shows the time and space dependence of the absorbed energy at the surface in case of longer pulse duration. Table 1 for this wavelength.
In contrast to the short pulse duration of 
Conclusions
The process of laser energy absorption has been investigated upon the excitation of surface plasmon polaritons under normal incidence irradiation of a metal sample with a step edge geometry.
The interference of the SPP with the laser fields results in a periodic profile of the deposited energy along the surface. An analytical source term in the frames of a TTM approach has been derived, which consists of three parts arises from the laser-laser, laser-SPP and SPP-SPP interferences.
For the case of a gold sample in air, we have studied the influence of laser pulse parameters on the deposited energy distribution. The simulation results demonstrate a periodic modification and an enhancement of the absorbed energy for the two example laser wavelengths of 800 nm and 400 nm.
In the latter case the SPP decay very fast and do not survive after the laser pulse. If we increase the duration of the pulse, the SPP and laser fields coexist on a longer time scale. Our result can be applied for describing different materials and arbitrary parameters of the laser pulses. Note that the present source term can be used for studying features of the excited SPP, for example, in the 2P-PEEM and SNOM experiments. It could help to shed light on the properties of plasmon-induced hot carriers for future nano-photonic applications. Two values of the parameter  are considered in the Fig. B1 . If we reduce  , the amplitude of the energy modulation decreases, according to the naming of  as the coupling efficiency. In contrast, when we change the phase  , the amplitude of the source term does not change, but it shifts depending on the value of  . Therefore, we can conclude that the phase  describes the shift of the source term profile along the lateral distance.
